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Insulin-like peptides (ILPs) play key roles
in the control of body growth in response
to nutrient status. Okamoto and
Nishimura now demonstrate the signaling
relay and feedbackmechanisms bywhich
insulin-producing cells sense nutritional
signals and thereby control the
production of an ILP in the fruit fly
Drosophila melanogaster.
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The insulin-like peptide (ILP) family plays key biolog-
ical roles in the control of body growth. Although the
functions of ILPs are well understood, the mecha-
nisms by which organisms sense their nutrient status
and thereby control ILP production remain largely
unknown. Here, we show that signaling relay and
feedback mechanisms control the nutrient-depen-
dent expression of Drosophila ILP5 (Dilp5). The
expression of dilp5 in brain insulin-producing cells
(IPCs) is negatively regulated by the transcription
factor FoxO. Glia-derived Dilp6 remotely regulates
the FoxO activity in IPCs, primarily through Jeb
secreted by cholinergic neurons. Dilp6 production
by surface glia is amplified by cellular response to
circulating Dilps derived from IPCs, in concert with
amino acid signals. The induction of dilp5 is critical
for sustaining body growth under restricted food
conditions. These results provide a molecular frame-
work that explains how the production of an endo-
crine hormone in a specific tissue is coordinated
with environmental conditions.
INTRODUCTION
The insulin/insulin-like growth factor (IGF) signaling (IIS) is an
evolutionarily conserved signaling pathway that controls a wide
variety of biological processes in metazoans (Taniguchi et al.,
2006; Taguchi and White, 2008). The most upstream central
players in this pathway are members of the insulin-like peptide
(ILP) family, which includes insulin and IGFs in mammals (Nakae
et al., 2001), as well as multiple ILPs in worms (Murphy and Hu,
2013) and in insects (Antonova et al., 2012). Numerous studies
have shown that the key regulator of the functions of ILPs is nutri-
tional status. Inmammals, the production and secretion of insulin
by pancreatic b cells are tightly regulated by nutrient status to
control carbohydrate and lipid metabolism (Saltiel and Kahn,
2001). Nutritional levels also govern the production, serum con-
centration, and action of IGF-I in regulating appropriate growthDevelopmand body size in a nutrient-dependent manner (Thissen et al.,
1994). Thus, ILPs cooperate with nutrients to fulfill their specific
biological actions, and this coordination is central to controlling
fundamental homeostasis in the body.
The functions of ILPs are highly conserved in the fruit fly
Drosophila melanogaster, in which they function as primary reg-
ulators of growth, metabolism, fecundity, stress resistance, and
longevity in response to nutrient status (Tatar et al., 2003; Edgar,
2006; Ge´minard et al., 2006; Broughton and Partridge, 2009;
Teleman, 2010). The Drosophila genome encodes eight ILP
(Dilp) genes, dilp1–dilp8. The most prominent dilp expression
is observed in neuroendocrine cells called insulin-producing
cells (IPCs) in the brain (Na¨ssel et al., 2013). Dilps secreted by
the IPCs circulate throughout the body and act systemically on
target tissues by activating a single insulin-like receptor (InR).
The secretion of Dilps from IPCs depends on the nutritional con-
ditions. The availability of nutrients is sensed by the fat body,
a functional equivalent of the vertebrate liver and adipocytes,
which, in turn, remotely regulates Dilp secretion through humoral
signals called fat-body-derived signals (FDSs) (Ge´minard et al.,
2009; Rajan and Perrimon, 2012). It has been suggested that
the secretion and production of Dilps by IPCs are independently
regulated (Colombani et al., 2003; Ge´minard et al., 2009; Park
et al., 2014). Although the important roles of IPC-derived Dilps
are well understood, the molecular mechanisms by which IPCs
sense nutritional signals and thereby control the production of
Dilps remain largely unknown. To better understand the interface
between nutrient status and Dilp production in the IPCs, we
focused on the expression of dilp5, one of the IPC-derived Dilps.
The expression of dilp5 is highly dependent on nutrient availabil-
ity (Ikeya et al., 2002; Colombani et al., 2003; Min et al., 2008;
Ge´minard et al., 2009). Our previous work revealed that the tran-
scription factors Eyeless (Ey) and Dachshund (Dac) synergisti-
cally and directly promote dilp5 expression in IPCs (Okamoto
et al., 2012). However, how these two transcription factors are
involved in the nutrient-dependent expression of dilp5 remained
unclear.
Here, we report that signaling relay and feedbackmechanisms
control the nutrient-dependent expression of dilp5. We found
that the transcription factor Forkhead box O (FoxO) is a critical
transcription factor that regulates the nutrient-dependent ex-
pression of dilp5. Under starved conditions, FoxO localizes
to the nucleus, where it binds to Ey, thereby competing withental Cell 35, 295–310, November 9, 2015 ª2015 Elsevier Inc. 295
the interaction between Ey and Dac. We further found that Dilp6
produced from the surface glia acts for cholinergic neurons,
which produce the secreted ligand jelly belly (Jeb) and upregu-
late dilp5 expression in the nearby IPCs through anaplastic lym-
phoma kinase (Alk) and the phosphatidylinositol 3-kinase (PI3K)
signaling pathway. Because dilp5 expression is maintained
under restricted food conditions, we propose that the induction
of dilp5 is critical for the maintenance of IIS, which is required to
sustain body growth under restricted food conditions. Our
results also reveal that systemic body growth during develop-
ment is regulated by the action of individual Dilps in a stage-
specific and nutritional value-dependent manner.
RESULTS
dilp5 Expression Is Tightly Regulated by Nutrient
Availability
To elucidate the molecular mechanism by which IPCs sense
nutritional signals during development, we first analyzed the
expression profiles of all dilps produced in IPCs (dilp2, dilp3,
and dilp5) during the larval feeding period (Figure 1A). The
expression level of dilp5 was low immediately after larval hatch-
ing but steeply increased during the first instar and continued to
increase until themiddle of the second instar. A high level of dilp5
expression was maintained during the remaining period of larval
development. In contrast, dilp2 expression, which begins at the
late embryonic stage (Wang et al., 2007), was already high after
hatching. The expression of dilp2 gradually decreased during
development. dilp3 was expressed starting at the mid-late third
instar. These results support the previously proposed idea that
the expression of these three dilps is independently regulated
in the same IPCs (Ikeya et al., 2002). In particular, the expression
pattern of dilp5 suggests dependence on the nutritional status,
because its transcription begins after food intake during the first
instar. When early first instar larvae were cultured under starva-
tion conditions, dilp5 expression did not increase (Figure 1B). In
contrast, the availability of normal food dramatically promoted
dilp5 expression. Similarly, after dilp5 expression had increased
in second or third instar larvae, starvation significantly down-
regulated dilp5 expression. Thereafter, re-feeding the larvae
with normal food fully restored dilp5 expression. Intriguingly,
the sensitivity of dilp5 expression under fasted conditions was
higher in second instar than in third instar larvae. To determine
which nutrient in the food is critical for the induction of dilp5
expression, we formulated several different nutrient mixtures.
We found that a yeast-only diet was sufficient to induce dilp5
expression fully, whereas a glucose- or lipid-only diet was not
sufficient (Figures 1B, S1A, and S1B). Because yeast is themajor
source of amino acids in the fly food, dilp5 expression is likely
regulated by amino acids.
IPC-derived Dilps function redundantly, and the knockout of
an individual dilp has a very minor or no effect on body size in
the adult stage (Gro¨nke et al., 2010). Unexpectedly, we found
that dilp2 single mutants exhibited severe growth defects at
the early larval period, when dilp5 expression is low (Figures
1C–1E and S1C). Furthermore, dilp2mutants had a pronounced
heterogeneity between individuals in their body size during the
first and second instar. However, the dilp2 mutant phenotype
on body growth was almost rescued at the late larval stage,296 Developmental Cell 35, 295–310, November 9, 2015 ª2015 Elsevwhen dilp5 is upregulated. These growth defects are consistent
with the reduction in IIS, as revealed by the FoxO target gene
expression (Figures 1F and S1D). Importantly, dilp2, dilp3,
dilp5 triple mutants, but not dilp2, dilp3 double mutants,
exhibited severe growth defects throughout the larval period.
These results indicate the importance of dilp5 on body growth
at the larval period. Nevertheless, dilp5 single mutants had
no defects on body growth, even during the late larval period
(Figures 1C–1E) and the adult stage (Figure S1E), as previously
reported (Gro¨nke et al., 2010). This can be explained, in part,
by the compensatory upregulation of dilp3 in dilp5 mutants
during the larval period (Figure S1F), which is similar to what
occurs in the adult stage (Gro¨nke et al., 2010). Therefore,
because of its functional redundancy and compensation by
other dilps, the contribution of dilp5 to larval growth under stan-
dard food conditions can be detected only when other dilps are
mutated.
FoxO Functions as a Critical Regulator of the Nutrient-
Dependent Expression of dilp5
The primary mediator of nutrient sensing is the target of rapamy-
cin (Tor) signaling, which is conserved from yeast to mammals,
and the major nutrients that activate this signaling are amino
acids (Hietakangas and Cohen, 2009; Kim and Guan, 2011).
Because amino acids likely induce dilp5 expression, we exam-
ined the involvement of the Tor signaling pathway in a cell-auton-
omous manner. We downregulated the amino acid transporter
Slimfast (Slif) (UAS-slif-anti) and genes involved in Tor signaling
(Tor-RNAi, RagA-RNAi, and Raptor-RNAi) in IPCs. However,
none of these genetic manipulations downregulated dilp5
expression in IPCs to the levels observed under starvation con-
ditions (Figure S2A). These results suggest that IPCs do not con-
trol dilp5 expression in response to direct sensing of amino
acids.
In our previous study, we reported that a protein complex con-
sisting of Ey and Dac directly promotes dilp5 expression in IPCs
(Okamoto et al., 2012). However, we found that the gene expres-
sion and nuclear localization of both Ey and Dac in IPCs were
independent of nutrient availability (Figures S2B and S2C).
Therefore, we attempted to identify possible regulatory mole-
cules of the Ey-Dac protein complex. FoxO is a good candidate
for such a regulatory molecule for the following reasons: First,
FoxO is a well-characterized transcription factor whose activity
is regulated by nutrient availability (Calnan and Brunet, 2008;
Hietakangas and Cohen, 2009). Second, FoxO interacts with a
variety of transcription factors and acts as either a transcriptional
activator or a repressor of diverse gene expression (van der Vos
and Coffer, 2008). Third, a recent transcriptome analysis
revealed that brain IPCs highly express FoxO (Cao et al., 2014).
To test a possible role of FoxO in the control of the nutrient-
dependent expression of dilp5, we first analyzed the localization
of FoxO in IPCs. Under fed conditions, FoxO was highly
expressed in IPCs compared with surrounding neurons and
was only detectable in the cytoplasm (Figures 2A and S2D). In
contrast, under starved conditions, FoxO clearly localized to
the nuclei of IPCs, indicating that FoxO localization in IPCs is
tightly regulated by nutrient availability. We also found that
FoxO protein levels in the nucleus inversely correlated with
dilp5 expression levels during the early larval period (Figure S2E).ier Inc.
Figure 1. The Expression of dilp5 Is Regulated by Nutrition
(A) Developmental changes in the relative expression of IPC-derived dilps (dilp2, dilp3, and dilp5). For each profile, fold changes are calculated relative to the
maximum level. E, early; M, middle; L, late.
(B) The expression of dilp5 is tightly regulated by nutrition. 1st instar indicates newly hatched early first instar larvae (0 hr) that were cultured on agar food (starved),
normal food (normal), or yeast-only food (yeast) for 24 hr. 2nd or 3rd instar indicates early second or third instar larvae just after molting (0 hr) that were cultured on
agar food (starved) for 24 hr and then re-fed with normal food (normal) or with yeast-only food (yeast) for 18 hr.
(C–E) dilp5 functions redundantly with dilp2 and dilp3. (C) The larval volume of dilpmutants was analyzed at the indicated time points. Dots and lines indicate the
individual volume and average value, respectively. (D) Developmental changes in the larval volume of control and dilpmutants, calculated from the data shown in
(C). (E) Growth rate of control and dilp mutant larvae, calculated from the data shown in (D).
(F) FoxO target gene expression (InR) was analyzed by qRT-PCR.
The values shown are the mean and SD; n = 3–5 in (A, B, and F), and n = 15 in (D). *p < 0.01 (Student’s t test).
See also Figure S1.
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Figure 2. FoxO Negatively Regulates the Nutrient-Dependent Expression of dilp5 by Directly Binding to Ey
(A) FoxO shuttles between the cytoplasm and the nucleus of IPCs in response to nutrition. Early second instar larvae grown on normal food (fed) were cultured on
agar food for 18 hr (starved). Insets show the enlarged images of the boxed area. Scale bars, 10 mm. Right panel: FoxO cytoplasmic/nuclear (C/N) ratios. Scale
bars, 10 mm.
(B) Downregulated dilp5 expression caused by starvation is restored by the IPC-specific knockdown of FoxO. Early second instar larvae grown on normal food
(0 hr) were cultured on agar food for 2, 4, and 8 hr. The difference in dilp5 expression levels between control and RNAi larvae at each starvation time point is shown
on the bottom.
(C) The expression of dilp5 is downregulated by the IPC-specific overexpression of constitutively active FoxO (FoxO-TM) in the nucleus.
(D) Synergistic upregulation of dilp5 by Ey and Dac in S2 cells is completely suppressed by the co-expression of FoxO.
(E–H) Co-immunoprecipitation experiments from transfected HEK293T cells. Flag-tagged proteins were analyzed in the immunoprecipitates (IP) with anti-GFP
antibodies. The precipitated GFP proteins are shown in Figure S3. (E) FoxO physically interacts with Ey but not with Dac. WB, western blot. (F) Ey efficiently
(legend continued on next page)
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From these observations, we hypothesized that FoxO func-
tions as a negative regulator of dilp5 expression in IPCs. At 2,
4, and 8 hr of starvation, dilp5 expression gradually decreased
in control larvae. However, IPC-specific knockdown of FoxO
resulted in higher dilp5 expression levels than in the controls
(Figure 2B). The difference in the levels of dilp5, but not of
dilp2, expression between control and FoxO knockdown larvae
weremore significant after fasting (Figures 2B and S2F). Further-
more, IPC-specific knockdown of Forkhead (Fkh), another Fork-
head family transcription factor, showed no effect on dilp5
expression, suggesting a specific function of FoxO in the regula-
tion of dilp5 expression. Next, we analyzed whether the ectopic
expression of nuclear FoxO can suppress dilp5 expression
under fed conditions. We specifically overexpressed a constitu-
tively active FoxO (FoxO-TM), which is mutated at the three Akt
phosphorylation sites, in the IPCs. This construct underwent
nuclear transport in IPCs, even under fed conditions (Figure 2A).
As expected, the ectopic expression of nuclear FoxO signifi-
cantly suppressed dilp5 expression to the same levels as that
observed under starvation conditions (Figures 2C and S2G).
These results indicate that FoxO negatively regulates the
nutrient-dependent expression of dilp5 in IPCs.
FoxOAntagonizes the Function of Ey andDac byDirectly
Binding to Ey
To mechanistically dissect how FoxO decreases dilp5 expres-
sion, we analyzed whether FoxO inhibits the role of the Ey-Dac
protein complex in dilp5 expression in vitro. We previously
showed that dilp5 expression in Drosophila S2 cells can be
reconstituted by the introduction of ey and dac, together with a
dilp5 genomic reporter construct (Okamoto et al., 2012). We
found that the synergistic action of Ey and Dac on dilp5 expres-
sion was completely suppressed by the co-expression of FoxO
(Figure 2D), suggesting that FoxO acts on the Ey-Dac complex
to inhibit dilp5 expression.
Next, we examined the molecular mechanism by which FoxO
inhibits the synergistic action of Ey and Dac. Because Ey and
Dac form a protein complex and function together, FoxO may
physically interact with Ey and/or Dac. We found that Dac
co-immunoprecipitated with Ey, but not with FoxO, in trans-
fected HEK293T cells (Figures 2E, 2F, S3A, and S3B). In
contrast, Ey interacted with both Dac and FoxO. Specifically,
Ey strongly co-precipitated with FoxO compared to Dac, sug-
gesting that Ey binds more efficiently to FoxO than to Dac.
We further found that the interaction between Ey and Dac
was partially inhibited by the co-expression of wild-type FoxO
(FoxO-WT) and strongly inhibited by the co-expression of
constitutively active FoxO (FoxO-TM) (Figures 2G and S3C).
These results suggest that FoxO is able to compete with the
interaction between Ey and Dac. To identify the binding inter-
face between FoxO and Ey, we utilized a series of Ey deletion
fragments. The binding of FoxO to Ey was completely abol-interacts with FoxO rather than with Dac. Right panel: The relative amounts of imm
co-expression of wild-type FoxO (FoxO-WT) and strongly inhibited by the co-expr
and deletion constructs of Ey are shown. HD, the homeodomain. The numbers r
(I) A model showing the mechanisms for the regulation of dilp5 expression by Fo
The values shown are the mean and SD; n = 6–12 in (A), and n = 3–5 in (B, C, D,
See also Figures S2 and S3.
Developmished when the N terminus region of Ey, which includes the
paired domain (PD), was deleted (Figures 2H and S3D).
Because Dac interacts with the PD of Ey (Okamoto et al.,
2012), FoxO most likely competes with Dac for binding to the
common binding domain of Ey. Taken together, these results
suggest that nuclear FoxO abrogates the synergistic effect of
Ey and Dac on dilp5 expression by disrupting the Ey-Dac
protein complex under starvation conditions (Figure 2I).
FoxO Activity Is Primarily Regulated by Alk Rather than
by InR in IPCs
What are the upstream regulators of FoxO in IPCs? The localiza-
tion and activity of FoxO are directly regulated by the protein
kinase Akt (Calnan and Brunet, 2008). Consistently, the downre-
gulation of Akt and its upstream PI3K signaling—Akt-RNAi,
PDK1-RNAi, and PI3K-DN (dominant-negative)—resulted in the
nuclear localization of FoxO in IPCs, even under fed conditions
(Figure 3A). The downregulation of Akt and PI3K also consis-
tently reduced dilp5 expression (Figure 3B). Inversely, the IPC-
specific activation of PI3K signaling—Akt-WT and PI3K-CA
(constitutively active)—led to the cytoplasmic localization of
FoxO and significantly restored or increased dilp5 expression
levels under starvation conditions (Figures S4A–S4C). These
results indicate that the nutrient-dependent localization of
FoxO and the expression of dilp5 are regulated by the PI3K
signaling pathway in IPCs.
Because InR activates PI3K signaling, it is highly possible that
InR itself functions as an upstream receptor in the regulation of
FoxO. However, we found that the knockdown of InR or the over-
expression of a dominant-negative InR (InR-DN) in IPCs resulted
in a partial reduction in dilp5 expression (Figure 3C), compared
with the effects of the downregulation of PI3K signaling (Fig-
ure 3B). In the InR knockdown larvae, a portion of FoxO localized
to the nucleus. However, a large portion of FoxO remained local-
ized to the cytoplasm of IPCs (Figure 3A), suggesting that a
receptor other than InR is involved in the regulation of dilp5
expression. To identify the responsible upstream receptor, we
screened receptor tyrosine kinases in Drosophila and found
that Alk is the critical receptor for the regulation of dilp5 expres-
sion. The knockdown of Alk in IPCs strongly reduced dilp5
expression, whereas the knockdown of the other receptors
had little or no effect on dilp5 expression (Figures 3C and
S4D). The IPC-specific overexpression of a dominant-negative
Alk (Alk-DN) also significantly reduced the dilp5 expression
levels (Figure 3C). The IPC-specific knockdown of Alk resulted
in the nuclear localization of FoxO under fed conditions (Fig-
ure 3A). The fact that the double knockdown of FoxO and Alk
significantly restored dilp5 expression (Figure 3D) demonstrated
that this nuclear FoxO was responsible for the Alk knockdown
phenotype. Importantly, Alk protein was highly expressed in
brain IPCs (Figure 3E). Although InR functions in IPCs to
some extent, these results indicate that Alk is the upstreamunoprecipitated Ey and Dac. (G) Ey-Dac interaction is partially inhibited by the
ession of FoxO-TM. (H) FoxO interacts with the PD of Ey. The domain structure
efer to amino acids.
xO under fed and starved conditions.
and F). *p < 0.05; **p < 0.01 (Student’s t test).
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Figure 3. Alk Functions as a Major Upstream Receptor to Regulate FoxO Activity and dilp5 Expression in IPCs
(A) FoxO localization in IPCs is regulated primarily by the PI3K pathway and the upstream receptor Alk. Insets show the enlarged images of the boxed area.
Scale bars, 10 mm.
(B) The expression of dilp5 in IPCs is regulated by PI3K signaling.
(C) The expression of dilp5 in IPCs is regulated by Alk rather than by InR.
(D) The expression of dilp5 downregulated by Alk RNAi is restored by the double knockdown of Alk and FoxO in IPCs.
(E) Alk is highly expressed in brain IPCs. The upper left panel shows reconstructed cross-sections of the z series; the remaining panels show single confocal
images of the dotted boxed area. Scale bars, 25 mm.
(F) Model showing a mechanism for the regulation of FoxO activity by Alk in IPCs.
The values shown are the mean and SD; n = 6–9 in (A), n = 3–5 in (B–D). *p < 0.05; **p < 0.01 (Student’s t test).
See also Figure S4.receptor that is critical for the regulation of FoxO activity and
dilp5 expression in IPCs (Figure 3F).
The Cholinergic Neuron-Derived Alk Ligand Jeb
Remotely Regulates FoxO Activity and dilp5 Expression
in IPCs
In Drosophila, Jeb is the best-characterized secreted ligand for
Alk (Englund et al., 2003; Lee et al., 2003; Palmer et al., 2009).
Consistent with the Alk knockdown phenotype in IPCs, the ubiq-
uitous knockdown of Jeb significantly reduced dilp5 expression
(Figures 4A and S5A). Tissue-specific expression analysis
revealed that Jeb is predominantly expressed in the CNS during
the entire larval period (Figure 4B). To determine where Jeb is
produced in the brain, we knocked down Jeb specifically in300 Developmental Cell 35, 295–310, November 9, 2015 ª2015 Elsevneurons (Elav-Gal4), glial cells (Repo-Gal4), and IPCs (dilp2-
Gal4). We found that the neuron-specific knockdown of Jeb
significantly reduced the expression of both dilp5 and Jeb,
whereas the glial or IPC-specific knockdown of Jeb resulted in
little or no reduction in their expression (Figures 4A and S5A).
These results suggest that Jeb is produced in neurons other
than IPCs and that Jeb remotely controls dilp5 expression.
Indeed, Jeb was highly detectable in a wide variety of neurons
in the CNS (Figure 4C). Specifically, high levels of immunoreac-
tivity against Jebwere detected in neurons and in the neurite-like
structures that surround IPCs.
To address which type of Jeb-producing neurons is respon-
sible for dilp5 expression, we screened a battery of neuronal-
subtype-specific Gal4 drivers. These included mushroom bodyier Inc.
Figure 4. Cholinergic-Neuron-Derived Jeb Remotely Regulates dilp5 Expression in IPCs
(A) Cholinergic-neuron-derived Jeb regulates dilp5, but not dilp2, expression in early second instar larvae. The Gal4 lines used are Tub-Gal4 (ubiquitous), Elav-
Gal4 (pan-neuronal), Repo-Gal4 (pan-glial), dilp2-Gal4 (IPCs), and Cha-Gal4 (cholinergic neurons).
(B) Jeb is predominantly expressed in the CNS. SG, salivary gland; FB, fat body; MT, Malpighian tubule; ID, imaginal discs.
(C) Jeb is highly expressed in neurons that surround IPCs. The leftmost panels show the reconstructed cross-sections of the z series; the remaining panels show
single confocal images of the dotted boxed area. The white and yellow arrows show Jeb-positive neurons and neurite-like structures around IPCs, respectively.
Scale bars, 25 mm.
(D) Cholinergic-neuron-derived Jeb regulates FoxO localization in IPCs. Hoechst 33342 was used to determine the region of nucleus. Scale bars, 10 mm.
(E) Jeb is highly expressed in cholinergic neurons that surround IPCs. Scale bars, 25 mm.
(F) The downregulation of dilp5 expression caused by starvation is restored by the cholinergic-neuron-specific overexpression of Jeb. Early second instar larvae
grown on normal food (fed) were cultured on agar food for 18 hr (starved).
(G) A model showing the mechanism for the regulation of FoxO localization and dilp5 expression by cholinergic neuron-derived Jeb.
The values shown are the mean and SD; n = 3–5 in (A, B, and F), and n = 6–8 in (D). *p < 0.05; **p < 0.01 (Student’s t test).
See also Figure S5.
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Figure 5. Glia-Derived Dilp6 Functions as a Nutrient Signal to Regulate dilp5 Expression
(A) The expression of dilp5, but not of dilp2, in IPCs is regulated by IIS in cholinergic neurons.
(B) The dilp5 expression level is significantly reduced by the glia-specific manipulation of the Tor signaling pathway. TheGal4 lines used wereCg-Gal4 (fat body),
Myo1A-Gal4 (gut), Repo-Gal4 (glia), and Elav-Gal4 (neuron).
(legend continued on next page)
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neurons, aminergic neurons, and peptidergic neurons that are
considered to be associated with IPCs (Na¨ssel et al., 2013), as
well as Domeless-expressing neurons that are involved in Dilp
secretion by IPCs (Rajan and Perrimon, 2012). We found that
the knockdown of Jeb in cholinergic neurons significantly and
specifically reduced the expression of both dilp5 and Jeb (Fig-
ures 4A and S5B). Importantly, dilp2 expression was not reduced
by the cholinergic-neuron-specific Jeb knockdown. In these
knockdown larvae, FoxO was clearly localized in the nucleus,
even under fed conditions (Figure 4D). We further found that a
subset of cholinergic neurons that highly express Jeb was
located near the IPCs (Figure 4E). To examine whether cholin-
ergic-neuron-derived Jeb can remotely regulate FoxO localiza-
tion and dilp5 expression in IPCs, we overexpressed Jeb in
cholinergic neurons under starvation conditions. The overex-
pression of Jeb in cholinergic neurons fully restored the dilp5
expression that was downregulated by fasting (Figure 4F).
Even under starved conditions, FoxO consistently localized to
the cytoplasm in the IPCs of larvae in which Jeb was overex-
pressed in cholinergic neurons (Figure 4D). In contrast, the
ectopic activation of cholinergic neurons by TrpA1 failed to
counteract the downregulation of dilp5 that was induced by fast-
ing (Figures S5C and S5D), suggesting that the production and
function of Jeb are independent of neuronal activity in cholin-
ergic neurons.
Next, we asked whether nutrient deprivation affects the ex-
pression and/or localization of Alk and Jeb. Alk expression levels
in the CNS and Alk immunoreactivity in IPCs were relatively con-
stant, even under starvation conditions (Figures S6A and S6B).
Alk staining showed a punctate pattern in IPCs, suggesting
that the plasma membrane localization and function of Alk are
likely regulated by intracellular trafficking. Furthermore, qRT-
PCR and immunohistochemical analyses revealed that starva-
tion did not affect Jeb expression levels in the CNS or cause
visible alterations to Jeb immunoreactivity in cholinergic neurons
(Figures S6A and S6C). These results suggest that Jeb is regu-
lated locally in a post-transcriptional manner under fasting con-
ditions. Although the mechanism by which Jeb secretion is
regulated in cholinergic neurons remains unclear, these results
indicate that cholinergic-neuron-derived Jeb is responsible for
the regulation of FoxO localization and dilp5 expression in
IPCs (Figure 4G).
Dilp6 Originating from Surface Glia Functions as a Key
Nutrient Signal in the Regulation of dilp5 Expression
What are the upstream nutrient signals that affect Jeb, andwhich
cells sense the fly’s nutrient status to regulate dilp5 expression?
To address this question, we attempted to identify the compo-(C) The dilp5 expression level is significantly reduced by surface-glia-specific man
Gal4 (subperineurial glia #1), NP2276-Gal4 (subperineurial glia #2), nrv2-Gal4 (c
and NP6520-Gal4 (ensheathing glia).
(D and E) The expression of dilp6 in surface glial cells is positively regulated by nu
(starved) for 6, 12, 24, and 12 hr followed by re-feeding on normal food. (D) The
(E) GFP signals in surface glia induced by dilp6-Gal4 are regulated in a nutrient-d
(F) dilp5 expression, but not dilp2 expression, in IPCs is reduced by the surface-
(G) Glia-derived Dilp6 regulates FoxO localization in IPCs. Scale bars, 10 mm.
(H) The downregulation of dilp5 expression caused by starvation is restored by t
The values shown are the mean and SD; n = 3–5 in (A–D, F, and H), and n = 6–8
See also Figure S6.
Developmnents essential for the regulation of dilp5 expression in cholin-
ergic neurons. We found that the downregulation of IIS, including
PI3K and Akt, in cholinergic neurons significantly reduced dilp5
expression but did not affect dilp2 expression (Figure 5A). Impor-
tantly, the knockdown of InR in cholinergic neurons, but not in
IPCs (Figure 3C), significantly downregulated dilp5 expression
in IPCs (Figure 5A). In contrast, the knockdown of Alk in cholin-
ergic neurons had no effect on dilp5 expression, suggesting
that Jeb does not have an autocrine effect in cholinergic neurons
on the regulation of dilp5 expression. The effect of InR knock-
down on dilp5 expression was fully reverted by the overexpres-
sion of Jeb, thus indicating that InR acts upstream of Jeb in
cholinergic neurons. These results led us to hypothesize that
the binding of Dilps to InR is an upstream signal for cholinergic
neurons to regulate dilp5 expression.
In Drosophila, individual Dilps exhibit distinct spatiotemporal
expression patterns during development (Na¨ssel et al., 2013).
Therefore, to characterize the action of Dilp ligands on cholin-
ergic neurons, we also conducted a survey to identify the type
of cells that sense nutrient availability and that induce dilp5
expression. For this purpose, we examined the tissue-specific
contributions of Slif and Tor signaling. We found that dilp5
expression significantly decreased after the downregulation of
slif and Tor signaling in glial cells (Figure 5B). In contrast, the
downregulation of slif and Tor signaling in the fat body (Cg-
Gal4), gut (Myo1A-Gal4), and neurons (Elav-Gal4) resulted in no
or marginal reduction in dilp5 expression (Figure 5B), suggesting
that glial cells play an important role in the control of dilp5
expression. In Drosophila, subperineurial glia form the surface
glial cell layer of the CNS and function as a blood-brain barrier
(BBB) during the early larval period (Stork et al., 2008). We found
that dilp5 expression was significantly reduced after the downre-
gulation of slif in subperineurial glia (moody-Gal4, NP2276-Gal4)
but was not reduced in internal glia, such as cortex glia (nrv2-
Gal4, NP577-Gal4), astrocyte-like glia (NP3233-Gal4), and
ensheathing glia (NP6520-Gal4) (Figure 5C). This finding indi-
cates that the surface glia function as nutrient-sensing cells to
regulate dilp5 expression.
Recent studies have shown that surface glia secrete Dilp6
inside theCNS in a nutrient-dependent manner (Chell and Brand,
2010; Sousa-Nunes et al., 2011; Spe´der and Brand, 2014). In first
instar larvae, the expression level of dilp6 in glial cells ismarkedly
increased by nutritional intake (Chell and Brand, 2010). Because
dilp5 expression was also increased during the first instar, dilp6
upregulation is reminiscent of the involvement of Dilp6 as an
upstream nutrient signal for dilp5 expression. We confirmed
that dilp6 mRNA levels and the GFP signals induced by dilp6-
Gal4 are tightly regulated by nutrient availability in the CNSipulation of the slif gene. TheGal4 lines used are Repo-Gal4 (pan-glia),moody-
ortex glia #1), NP577-Gal4 (cortex glia #2), NP3233-Gal4 (astrocyte-like glia),
trition. Second instar larvae just after molting (0 hr) were cultured on agar food
expression of dilp6 in the CNS is regulated in a nutrient-dependent manner.
ependent manner. Scale bars, 100 mm.
glia-specific knockdown of dilp6.
he surface-glia-specific overexpression of dilp6.
in (G). *p < 0.05; **p < 0.01 (Student’s t test).
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(Figures 5D, 5E, and S6D), as previously described (Chell and
Brand, 2010; Sousa-Nunes et al., 2011).
The foregoing observations prompted us to examine whether
Dilp6 functions as an upstream signal for dilp5 expression by
acting through cholinergic neurons. The expression of dilp5,
but not that of dilp2, was significantly reduced by the glia-
specific or subperineurial-glia-specific knockdown of dilp6 (Fig-
ure 5F). In the knockdown larvae, a portion of FoxOwas localized
in the nucleus under fed conditions, although the FoxO signal
remained detectable in the cytoplasm (Figure 5G). To further
confirm the contribution of Dilp6 to dilp5 expression, we overex-
pressed dilp6, specifically in glial cells under starved conditions.
We found that the overexpression of dilp6 in glial cells or subper-
ineurial glia was sufficient to restore the expression of dilp5
under fasting conditions (Figure 5H). In these larvae, FoxO was
localized primarily in the cytoplasm of the IPCs, even under star-
vation conditions (Figure 5G). Surprisingly, the overexpression of
canonical dilps other than dilp6 had little or no effect on dilp5
expression during starvation (Figure S6E). Together, these
results suggest that Dilp6 produced in surface glia functions as
an upstream signal that links nutrition to dilp5 expression
and that this signal is likely mediated by cholinergic neuron-
derived Jeb.
dilp6 Expression in Surface Glia Is Regulated by Both
Tor and IIS Pathways
Next, we asked how surface glial dilp6 expression is regulated
under the control of nutrition. Our observations revealed that
the Tor signaling pathway in surface glia is critical for dilp5
expression. Consistent with this finding, dilp6 expression levels
in dissected CNS were significantly reduced by the glia-specific
knockdown of slif and Tor signaling (Figure 6A). Because IIS
affects Tor signaling (Hietakangas and Cohen, 2009; Kim and
Guan, 2011), we further analyzed the contribution of the IIS
pathway to dilp6 expression in glial cells. The expression of
dilp6 in dissected CNS was significantly downregulated by the
genetic manipulation of IIS and InR in glial cells (Figure 6A), indi-
cating that dilp6 expression in surface glia is regulated by both
Tor and IIS pathway. These results further demonstrate the
existence of a complex feedback regulation system involving
multiple Dilps.
Because surface glial cells are directly exposed to the hemo-
lymph, it is plausible that dilp6 expression in surface glia is regu-
lated by Dilps distributed in the hemolymph. Circulating Dilps in
the hemolymph are derived primarily from brain IPCs, which
extend neuronal processes outside the brain (Rulifson et al.,
2002). These processes permit the direct release of Dilps into
the hemolymph in a nutrient-dependent manner. To examine
whether dilp6 expression in surface glia is regulated by IPC-
derived Dilps, we genetically ablated IPCs by overexpressing
the pro-apoptotic gene reaper. We found that the dilp6 expres-
sion level in dissected CNS significantly decreased after the
ablation of IPCs (Figure 6B). Consistent with this finding, the
dilp6 expression level in the brain was significantly downregu-
lated in dilp2, dilp3, dilp5 triple mutants. These results suggest
that IPC-derived Dilps are required for dilp6 expression in
surface glial cells. To confirm that circulating Dilp is sufficient
to induce dilp6 expression in surface glia, we ectopically overex-
pressed dilp5 in the fat body using Cg-Gal4. We found that the304 Developmental Cell 35, 295–310, November 9, 2015 ª2015 Elsevoverexpression of dilp5 in the fat body fully restored dilp6
expression in the dilp2, dilp3, dilp5 triple mutant background
(Figure 6B). Importantly, almost no detectable dilp5 expression
was observed in the CNS by using theCg-Gal4 driver (Figure S7),
indicating that circulating Dilps outside the brain indeed regulate
dilp6 expression in surface glia.
The secretion of all Dilps is rapidly induced by the depolariza-
tion of IPCs (Ge´minard et al., 2009). Indeed, we found that Dilp2
was rapidly released into the hemolymph within 0.5 hr after initial
feeding in newly hatched first instar larvae (Figure 6C). In
contrast, the expression of dilp5 was upregulated at later time
points (12–24 hr) (Figure 6D). We further found that FoxO target
gene expression (InR and 4E-BP), the molecular readout of
systemic IIS activity, was downregulated within 0.5 to 2 hr after
initial feeding (Figure 6D). Therefore, the secreted Dilps in hemo-
lymph could be the initial input required to induce dilp6 expres-
sion in surface glia through IIS. Taken together, these results
indicate the existence of a positive feedback loop between circu-
lating Dilps derived from IPCs and dilp5 expression in brain IPCs,
which is mediated by Dilp6 produced in glia and by Jeb released
from cholinergic neurons (Figure 6E).
dilp5Mutants Exhibit Defects on IIS and Body Growth in
a Nutritional Value-Dependent Manner
What is the significance of this specific Dilp being controlled in
this way? Positive feedback regulation often produces a
nonlinear response to inputs in a dose-dependent manner.
Indeed, dilp5 expression gradually, but not linearly, decreased
in response to the reduction in yeast content in food (Figure 7A).
In contrast, the expression of dilp2 was maintained consistently
under the restricted food conditions (Figure 7A). We further
found that dilp5 single mutants showed significantly reduced
adult body size and larval growth rate under restricted food
conditions (Figures 7B and 7C). Furthermore, dilp5 mutants
exhibited a delay in the timing of puparium formation only under
restricted food conditions (Figures 7D and 7E). As expected,
FoxO target genes were significantly upregulated in dilp5
mutants only under the restricted food conditions but not under
nutrient-rich conditions (Figure 7F). Importantly, dilp5 mutants
did not exhibit any defects under poor food conditions, such
as a 1/8 dilution of the yeast content. This is probably due to
the complete shutdown of dilp5 expression itself under these
conditions. Taken together, these results demonstrate that the
physiological significance of the signaling relay and positive
feedback regulation of the induction of dilp5 is, in part, the main-
tenance of IIS to sustain body growth under restricted food
conditions.
DISCUSSION
Achieving an understanding of the molecular mechanisms un-
derlying nutrient sensing and response in the body is an impor-
tant issue in addressing how animals adapt to environmental
changes through the regulation of the activity of members of
the insulin superfamily. In the present study, we used the expres-
sion of dilp5 as a readout to monitor how IPCs sense nutritional
signals and to investigate the regulatory mechanism and physi-
ological significance for the nutrient-dependent production of
Dilp in Drosophila.ier Inc.
Figure 6. The Expression of dilp6 in Surface Glia Is Regulated by IPC-Derived Dilps in the Hemolymph, Together with the Tor Signaling
Pathway
(A) The expression levels of dilp6 in the CNS are significantly reduced by the glia-specific manipulation of the Tor signaling and IIS pathways.
(B) The expression of dilp6 in the CNS is regulated by circulating Dilps produced by brain IPCs.UAS-reaperwas used to genetically ablate IPCs, andCg-Gal4was
used to overexpress dilp5 in the fat body.
(C) Dilp2 signals in IPCs are reduced by initial feeding. Early first instar larvae hatched on 20%sucrosemedium (0 hr) were cultured on normal food for 0.5 and 2 hr.
Scale bars, 10 mm. Right panel: Dilp2 mean fluorescence was calculated from the Dilp2 signal intensity in the cytoplasmic region of the IPCs. Scale bars, 10 mm.
(D) FoxO target gene expression (InR and 4E-BP) is downregulated within 0.5–2 hr by initial feeding compared to the upregulation of dilp5 (12–24 hr). Early first
instar larvae (0 hr) were cultured on normal food for 0.5, 2, 12, and 24 hr.
(E) A model showing the proposed regulatory mechanisms for the nutrient-dependent expression of dilp5. AA, amino acid; BBB, blood-brain barrier.
The values shown are the mean and SD; n = 3–5 in (A, B, and D), and n = 8 in (C). *p < 0.05; **p < 0.01 (Student’s t test).
See also Figure S7.Significance of Signaling Relay and Feedback
Mechanisms in the Regulation of ILPs
In Drosophila, as in mammals, the production and secretion of
each Dilp are regulated directly or indirectly by multiple cues,
including several hormones and neurotransmitters (Na¨ssel
et al., 2013). Consistent with the previous report (Ikeya et al.,
2002), the expression of dilp2 is largely independent of nutritional
signals, whereas the expression of dilp5 is tightly regulated by
nutritional status. These observations suggest that Dilp2 func-
tions as a continuously stored Dilp that fulfills the need for a rapid
response of Dilp secretion into the hemolymph. Dilp5 likely actsDevelopmas a booster to amplify systemic IIS in a nutrient-dependent
manner. Additional Dilp3 production during the last instar may
correlate with increased body growth during the last larval stage.
Importantly, dilp3 is compensatorily upregulated if dilp5 is not
induced or is mutated, as shown previously (Gro¨nke et al.,
2010; Okamoto et al., 2012). Therefore, the individual regulation
of the transcription of each dilp and the occurrence of negative
feedback mechanisms affecting individual dilp expression are
able to contribute to a robust response to a variety of environ-
mental changes in a stage-specific manner. We found that
dilp5 transcription is upregulated within 12–24 hr after initialental Cell 35, 295–310, November 9, 2015 ª2015 Elsevier Inc. 305
Figure 7. dilp5 Mutants Exhibit Defects in Body Growth, Developmental Timing, and IIS under Restricted Food Conditions
(A) The expression levels of dilp5 gradually reduce by decreasing the amount of yeast in the food. conc., concentration.
(B) dilp5 mutants exhibit a reduction in adult body size under restricted food conditions, but not under nutrient-rich (31 and 32) or poor food conditions (31/6
and 31/8). The percent differences between control and dilp5 mutants are shown on the right.
(C) Developmental changes in the larval volume of control and dilp5 mutants.
(D) dilp5 mutants exhibit a developmental delay in the timing of puparium formation under restricted food conditions.
(legend continued on next page)
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feeding, in contrast to the rapid release of Dilp in IPCs within
30 min, as reported previously (Ge´minard et al., 2009; Park
et al., 2014). This rapid release is reasonable because Dilp secre-
tion must occur rapidly in response to changes in nutritional
status to adapt the organisms to systemic growth and meta-
bolism over a short time window, whereas dilp expression could
be regulated and influenced by changes over a longer time span.
One important aspect of dilp5 gene expression is the exis-
tence of a signaling relay and amplification mechanism. Initial
nutritional cues initiate the signaling relay from glial Dilp6 to
induce dilp5 gene expression by excluding nuclear FoxO. The
subsequent induction of dilp5 expression requires continuous
nutritional input. Body growth during the larval feeding period
largely depends on the quantity and quality of available nutrients.
Therefore, we propose that multistep regulation, involving a
variety of cell types, offers a significant advantage in that it per-
mits fine-tuning of the levels of Dilps in response to the available
level of nutrition. We showed that dilp5 is dispensable for body
growth under nutrient-rich food conditions, probably because
of functional redundancy and compensation. In contrast, dilp5
single mutants displayed defects on IIS and body growth under
the restricted food conditions, though dilp2 expression was
consistently maintained. Importantly, dilp5 mutants affect body
growth, mostly in the range of yeast concentration where dilp5
expression is the least affected. These results suggest that other
regulatory mechanisms that are critical for controlling the func-
tion of Dilps are affected in a redundant manner with dilp5
expression. One possible explanation is that the functions of
Dilp2 and Dilp5 are regulated separately at the level of secretion
from IPCs and/or activities in the circulating hemolymph,
depending on food conditions. Both interdependent and inde-
pendent regulation of Dilp secretion and production likely play
an important role in homeostatic growth control that need to
adapt to changes in food availability.
Central Functions of Alk in ILP-Producing Cells
A striking finding of this study is that the Jeb-Alk signal acts
upstream of PI3K signaling to control FoxO and dilp5 expres-
sion in IPCs. What is the biological significance of the utilization
of Alk, rather than InR, in IPCs? A possible explanation is the
existence of a negative feedback loop between ligand and
receptor levels in IIS. Because InR is a direct target of FoxO,
its transcription is negatively regulated by IIS (Puig et al.,
2003). When Dilp levels are high around IPCs, this negative
feedback loop is biased to provide minimal InR on the surface
of the IPCs. Therefore, to maintain continuous sensitivity to
nutritional signals, an alternative mechanism in IPCs must con-
trol PI3K signaling to regulate the production of Dilps. Indeed,
the Alk expression level in the CNS and Alk immunoreactivity
in IPCs are constant, even under starvation conditions. There-
fore, the continuous expression and localization of Alk in IPCs
could allow the amplification of dilp5 gene expression through
a positive feedback loop between secreted Dilps and dilp5
expression.(E) Quantification of the timing of puparium formation, as represented in (D).
(F) dilp5 mutants exhibit a decrease in IIS under restricted food conditions. InR
were used.
The values shown are the mean and SD; n = 3–5 in (A, B, E, and F), and n = 10 i
DevelopmIn mammals, PI3K signaling is also critical for b cell functions,
including the regulation of insulin gene transcription (Leibiger
et al., 2008). The upstream receptor for PI3K signaling is believed
to be the insulin receptor, supporting a model for the direct
autocrine effect of insulin on pancreatic b cells (Leibiger et al.,
2008). However, whether insulin and the insulin receptor actually
function in the regulation of PI3K signaling in b cells remains
controversial, primarily because of the existence of a negative
feedback loop between insulin and insulin receptor levels (Rho-
des et al., 2013). A recently proposed alternative possibility is
that other receptor tyrosine kinases or other types of receptors
that activate PI3K signaling act to maintain a defined sensitivity
against the fluctuation of nutrients in b cells (Rhodes et al.,
2013). Evolutionarily conserved Alk belongs to an insulin recep-
tor subfamily, and the kinase domain of Alk shows high
sequence similarity to the insulin/IGF-I receptors (Iwahara
et al., 1997; Morris et al., 1997). Although the physiological Alk
ligand in mammals is currently unclear (Palmer et al., 2009), it
will be interesting to examine whether Alk is the candidate
receptor tyrosine kinase that activates the PI3K signaling
pathway in b cells. Further analysis will certainly provide amolec-
ular network for a deeper understanding of the physiological
significance of the regulatory mechanisms involved in nutrition-
dependent production of ILPs.
Remote Regulation of ILPs through Cholinergic Neurons
Our work reveals the functional importance of InR and the IIS
pathway in cholinergic neurons with respect to the regulation
of dilp5 expression, in contrast to the minor contribution of InR
relative to Alk in IPCs. The results suggest that Dilp6 from glial
cells primarily acts on cholinergic neurons rather than directly
on IPCs. However, it remains unclear how the production and
secretion of Jeb is regulated, because the expression and
localization of Jeb in cholinergic neurons are not changed in a
detectable manner by starvation. It is known that ILPs function
as neurotrophic factors through the IIS pathway and regulate
the trafficking of ion channels and neurotransmitter receptors
in the CNS (Russo et al., 2005; Fernandez and Torres-Alema´n,
2012). Furthermore, insulin-sensitive cells translocate a num-
ber of intracellular proteins, such as Glut-4, to the cell surface
in response to insulin (Watson et al., 2004; Zaid et al., 2008).
These observations raise the possibility that glia-derived Dilp6
functions as a neurotrophic factor that regulates the transport
and local release of Jeb in cholinergic neurons.
Notably, cholinergic neurons are crucial for the functional
regulation of pancreatic b cells in mammals (Gilon and Henquin,
2001). The parasympathetic nervous system has been shown to
innervate the pancreatic islets of Langerhans and to provide
direct cholinergic input to b cells, thereby affecting insulin
secretion in a glucose-dependent manner (Gilon and Henquin,
2001). Whether acetylcholine itself plays a role in the secretion
of Dilps from IPCs in Drosophila remains unknown. However,
IPCs express muscarinic acetylcholine receptors at high levels
(Cao et al., 2014). It will be interesting to explore the effect ofand 4E-BP transcripts were analyzed by qRT-PCR. Early second instar larvae
n (C). *p < 0.05; **p < 0.01 (Student’s t test).
ental Cell 35, 295–310, November 9, 2015 ª2015 Elsevier Inc. 307
the functional relationship between Jeb and acetylcholine, both
of which are released from common cholinergic neurons, on
the regulation of IPCs.
Transcriptional Regulation of ILPs in Drosophila and in
Mammals
In mammals, insulin gene expression in pancreatic b cells is
directly regulated by several transcription factors, including
Pdx-1, MafA, and NeuroD1, in a coordinated and synergistic
manner (Andrali et al., 2008). FoxO is known as an important
regulator that controls b cell functions, including insulin gene
transcription (Glauser and Schlegel, 2007). FoxO-1 is highly
expressed in b cells in pancreatic islets and negatively regu-
lates insulin gene expression by inhibiting Pdx-1 (Kitamura
et al., 2002). Multiple input signals, including insulin, IGF-I,
glucose, glucagon-like peptide-1 (GLP-1), and glucose-depen-
dent insulinotropic polypeptide (GIP), cooperatively regulate
the activity of FoxO through the PI3K signaling pathway in
a nutrient-dependent manner (Glauser and Schlegel, 2007).
The Ey and Dac homologs Pax6 and Dach1/2 are also required
for the normal transcription of genes encoding pancreatic hor-
mones, including insulin (Sander et al., 1997; Okamoto et al.,
2012). Because the PD of Pax6 shares extensive sequence
identity with Ey (Quiring et al., 1994), the regulatory mechanism
by which Ey/Dac/FoxO controls ILP gene transcription is
most likely evolutionarily conserved. Although the pancreas
in mammals originates from the gut endoderm, remarkable
analogies have been described between Drosophila IPCs
and mammalian b cells (Wang et al., 2007). Our results
also raise the possibility that common ancestral mechanisms




For details on the fly strains used in the study, please see the Supplemental
Experimental Procedures. Unless otherwise indicated, w1118 was used as a
control. dilp2-Gal4>UAS-dicer2 was used as an IPC-specific Gal4 driver,
and dilp2-Gal4>UAS-CD8-GFP was used to label IPCs. Tub-Gal4, Elav-
Gal4, Cha-Gal4, Repo-Gal4, and Cg-Gal4 were used as ubiquitous, pan-
neuron-, cholinergic-neuron-, pan-glia-, and fat-body-specific Gal4 drivers,
respectively.
Fly Food and Developmental Staging
For details on the fly food and developmental staging, please see the Supple-
mental Experimental Procedures. The animals were reared on fly food that
contained, per liter (13 recipe), 8 g agar, 100 g glucose, 45 g dry yeast, 40 g
corn flour, 4 ml propionic acid, and 0.45 g butylparaben (in ethanol). No yeast
paste was added to the fly tubes in any of the experiments. All the experiments
were conducted under non-crowded conditions.
For the analysis of restricted food conditions presented in Figure 7, corn
flour was omitted to simplify the nutrient composition of the food. Fly food
that contained either an increased or a reduced amount of dry yeast was
used (23, 1/23, 1/33, 1/43, 1/63, or 1/83 the amount used for the 13 recipe).
A defined number of newly hatched first instar larvae was seeded on each
food.
Starvation Experiments
For transient starvation experiments, early first (0–6 hr after hatching on 20%
sucrose medium), second, or third instar larvae (0–6 hr after larval ecdysis)
were washed in PBS and transferred to either vials containing new fly food
(fed sample) or a vial that contained 0.8% agar in PBS (starved sample).308 Developmental Cell 35, 295–310, November 9, 2015 ª2015 ElsevImmunocytochemistry
Immunocytochemistry was performed in early second instar larvae, unless
otherwise noted as previously described (Okamoto et al., 2012, 2013). For
details on the primary antibodies used in this study, please see the Supple-
mental Experimental Procedures. The nuclei were stained with Hoechst
33342 (Invitrogen). The images were acquired using a Zeiss LSM700 confocal
microscope. Unless otherwise noted, single confocal sections of IPCs are
shown.
Image Analysis
For the quantification of FoxO localization in IPCs, the average fluorescence
intensity per area in the region of the nucleus and the cytoplasm in the
same cells was determined using LSM Image Browser software. The area
of both the nucleus and the cytoplasm were determined by the signals of
CD8-GFP or Dilp2 together with Hoechst 33342, respectively. All of the
compared images were acquired under identical parameters. The volumes
of eggs and larvae were measured as previously described (Okamoto et al.,
2013).
qRT-PCR Analysis
Expression analyses were performed by qRT-PCR as previously described
(Okamoto et al., 2013; Matsuda et al., 2015). Fold changes were calculated
relative to the expression level of the control or sample at 0 hr.
Plasmid Construction
The cDNA encoding FoxO was cloned by RT-PCR using sequenced strains
obtained from the Bloomington Drosophila Stock Center and was subcloned
into the pUAST, pEGFP (Clontech), and pCAGGS-3xFlag vectors. The
Ey and Dac plasmids used in this study have been previously described (Oka-
moto et al., 2012).
Binding and Reporter Assays
Immunoprecipitation analyses in HEK293T cells and reporter assays in
S2 cells were performed as described previously (Okamoto et al., 2012). The
amounts of the precipitated Ey and Dac were normalized to the input
levels. The signal was further normalized to the value of GFP-Dac or of GFP-
Ey, which was set to 1.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and seven figures and can be found with this article online at http://dx.doi.
org/10.1016/j.devcel.2015.10.003.
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